Abstract-In this paper, a thermally stable nickel silicide technology using the co-sputtering of nickel and titanium atoms capped with TiN layer is proposed for nano-scale metal oxide semiconductor field effect transistor (MOSFET) applications. The effects of the incorporation of titanium ingredient in the co-sputtered Ni layer are characterized as a function of Ti sputtering power. The difference between the one-step rapid thermal process (RTP) and two-step RTP for the silicidation process has also been studied. It is shown that a certain proportion of titanium incorporation with two-step RTP has the best thermal stability for this structure.
I. INTRODUCTION
Metal silicides have been widely used in microelectronic applications, particularly as the low resistance layer to reduce the series resistances of source, drain and gate regions in MOSFETs [1] . Although TiSi 2 and CoSi 2 have been widely used for the salicide (selfaligned silicide) process, they have several limits such as agglomeration and the phase transformation of TiSi 2 in the high temperature thermal process of CMOS (Complementary Metal Oxide Semiconductor) fabrication. Moreover, with the scale-down of devices, the narrow line effect of TiSi 2 and the large Si consumption of CoSi 2 have become serious problems in the fabrication of a ultra-shallow source/drain junction. Having advantages such as low temperature silicidation process, low silicon consumption, no bridging failure property, smaller mechanical stress, no adverse narrow line effect on sheet resistance, smaller contact resistance for both n-and p-Si and so on, nickel silicide has been thought as the most promising silicide layer [2] . Even so, NiSi has several challenges and one of them is the hightemperature degradation of NiSi [3] . There have been many attempts to improve the thermal stability of NiSi films [4] [5] [6] [7] .
In this work, we propose a structure formed by cosputtering of nickel and titanium atoms to improve the thermal stability of NiSi films for application to the nano-scale MOSFET technology. The effects of silicidation method, one-step RTP versus two-step RTP, have also been investigated for thermal stable NiSi technology.
II. EXPERIMENTAL
The experimental process flow for this work using a ptype Si substrate is summarized in Fig. 1 . After removing the native oxide in diluted hydrofluoric acid (1:100), a 15 nm-thick Ti-incorporated Ni layer was deposited on the p-type Si substrate by co-sputtering of Ni and Ti targets using a radio frequency magnetron sputter system, followed by in situ deposition of a 10nm-thick TiN layer. The atomic ratio of Ti was controlled by split of the RF power of Ti target as 60, 80, and 100 W, respectively. A pure Ni film was also deposited using 100 W RF power for comparison. The TiN capping layer is commonly used to prevent oxygen contamination during silicide formation [8] . evaluate the thermal stability of the formed Ni-silicide. Sheet resistance was measured by the four point probe (FPP) method. X-ray diffraction (XRD) was employed to analyze the phases of the Ni-silicide films. Field emission scanning electron microscopy (FE-SEM) was used to study the interfacial structures and surface morphological stability of the Ni-silicide films. The depth profile of the elements Ni, Ti and Si was investigated by secondary ion mass spectrometry (SIMS).
III. RESULTS AND DISCUSSIONS
First, sheet resistance of the samples (Ni 100 W+Ti 80 W) with two kinds of two-step RTPs (TSR1 vs. TSR2) was compared as shown in Fig. 2(a) . The sheet resistance using TSR1 (first RTP 500°C, second RTP, and wet etching) had a lower and more stable RTP window than that using TSR2 (first RTP 500°C, wet etching, and second RTP). TSR1 also shows much better thermal stability, i.e. stable sheet resistance for wide temperature range than the others as shown in Fig. 2(b) . Hence, the TSR1 (first RTP 500°C, second RTP 600°C, and wet etching) was chosen as the reference two-step RTP from now on.
Then the sheet resistance windows of the samples with one-step RTP, two-step RTP (TSR2) and postsilicidation annealing were compared with each other as a function of RF power of Ti target as shown in Fig. 3 . In case of one-step RTP, although all samples with the Ti incorporation shows better RTP and post-silicidation annealing window than the reference sample, they shows little dependence on the RF power of Ti target as shown in Fig. 3(a) and (c), respectively. However, in case of The morphological stability of the Ni silicide films before and after post-silicidation annealing was analyzed using FE-SEM as shown in Fig. 4 and Fig. 5 , respectively. All samples had similar good crosssectional profile after both the one-step and two-step RTP whether Ti atoms are incorporated or not as shown in Fig. 4 . However, the situation changes greatly after the post-silicidation annealing. The samples deposited by RF determine the morphological stability of the NiSi films. That is, agglomeration of NiSi will be retarded by the Ti atoms which are believed to exist at the grain boundary of NiSi because Ti atoms did not react with Ni or Si as shown in Fig. 6 . The addition of a refractory element may slow down the growth of the grain boundary and surface diffusion, thus improving the morphological stability. In our research, a certain concentration of Ti controlled by the RF power and the two-step RTP suggest the best thermal stability of formed NiSi film, which means that the increase of Ti concentration improves the thermal stability of NiSi film, but further increase of Ti concentration will degrade the thermal stability.
The depth profile of elements was analyzed using SIMS as shown in Fig. 7 . Based on the results of XRD in Fig. 5 , the majority of Ti atoms appear near the surface of the film and it can be assumed that Ti does not combine with Ni or Si to form a compound [10] . Moreover, there was a thin surface Ti-related layer (maybe Ti w Ni x Si y O z or a mixture of compounds containing these elements) above the NiSi layer. The observed formation of the Ti-related compound layer is considered to be due to the low solubility of Ti in NiSi and the strong chemical activity of Ti. This conclusion was similarly reported by R.T.P. Lee et al. using Ni and Ti alloy targets [11] . Also as our results showed, the sheet resistance was larger with the samples having a larger proportion of Ti in the Ni layer. R.T.P. Lee et al. considered that this was due to the increase of the thickness of the Ti-related layer with increasing proportion of Ti [11] . And D. Deduytsche et al. reported that a small amount of refractory can dissolve into the NiSi lattice or can be present at the grain boundaries, decreasing the NiSi grain size, and presented this result as another possible reason for the increase of sheet resistance [9] .
IV. CONCLUSIONS
The thermal stability of Ni-silicide was improved by co-sputtering of Ni and Ti with a capping layer of TiN in this study. The effects of different proportions of Ti in the Ni layer were also studied. Ni(100 W)+Ti(80 W) and the two-step RTP condition gave the best morphologically stable NiSi film. The NiSi's phase intensity using the structure in this study was also observed by XRD, which showed some certain but stronger diffraction intensity peaks than that using the pure Ni structure. The two-step RTP formed NiSi films with better thermal stability possibly because it changed the texture of NiSi layer. Though the Ti-incorporated NiSi in this study resulted in a slightly larger sheet resistance than pure NiSi, it significantly improved the morphological and thermal stability of NiSi films. Therefore, the proposed NiSi is highly promising for the nano-scale CMOS technology. 
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